Initial velocity data for the hydrolysis of micellar l,2-diheptanoyl-sn-glycero-3-phosphorylcholine (diCPC) catalyzed by bovine pancreatic PLA 2 (Group I) were analyzed using the Michaelis-Menten equation. The Kr, value for the micellar substrate was found to be independent of Ca 2+ concentration, as was the £m value for the monodispersed substrate. The pH dependence curve of K^ in the presence of saturating amounts of Ca 2+ showed two transitions reflecting large pK shifts of two ionizable groups from 5.0 to 5.45 and from 9.5 to 10.25, whereas the K^ value for the monodispersed substrate was independent of pH [Fujii et al. hydrolysis of the acyl-ester bonds at the sn-2 position of dependence of substrate binding and the participation of l,2-diacyl-8n-3-pho8phoglycerides and require binding of the a-amino group in catalysis, reflecting some differences Ca 2+ to the enzymes for catalysis. They are classified into in the catalytic mechanism. These snake venom PLA 2 s two groups, I and II, according to differences in the primary exhibit generally higher turnover numbers and have higher structure (I). However, their macroscopic tertiary strucaffinities for phospholipid molecules aggregated in micelles tures, including those of the active site, are believed to be than do the mammalian pancreatic PLA 2 s. It is therefore of very similar to each other. Both types of PLA 2 s show much great interest to compare the kinetic properties of pancrehigher enzymatic activity on micellar substrates than on atic PLA 2 s in detail with those of snake venom PLA 2 s. In monodispersed substrates (2); when the substrate forms the previous study (9), we examined the Ca 2+ and pH micelles, not only the binding constants of the substrates dependence of kinetic parameters for the hydrolysis of but also the catalytic center activities of the enzymes monodispersed substrate by bovine pancreatic PLA 2 and increase markedly.
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found that the pancreatic enzyme was kinetically similar to The Ca 2+ concentration and pH dependences of the snake venom enzyme of Group I, but not to Group II kinetic parameters for hydrolysis of monodispersed and enzymes. micellar substrates by Group I and II PLA 2 s from snake
In the present study, we examined the Ca 2+ and pH venoms (Naja naja atra, Agkistrodon halys blomhoflU, and dependence of kinetic parameters, for the hydrolysis of a Trimeresurus flavoviridis) have been compared in our micellar substrate, l,2-diheptanoyl-sn-glycero-3-phosphoprevious papers (3) (4) (5) (6) (7) (8) . The results indicated the existence rylcholine (diC 7 PC), and confirmed the difference in the ' catalytic mechanism between Group I and II PLA 2 s.
tion was dissolved in 0.2 M NaCl solution containing 1 mM HC1 and then subjected to Sephadex G-75 chromatography. The enzyme eluted with 0.2 M NaCl solution was stored at 4'C. The enzyme concentration was determined spectrophotometrically using the absorptivity A!^,= 12.3 or the molar absorption coefficient E = 1 . 7 0 X 1 0 * M" 1 -cm" 1 at 278 nm (11, 12) .
Synthesis of Substrate-diC 7 PC was synthesized by acylation of L-a-glycerophosphorylchoUne with n-enanthic acid anhydride (Tokyo Kasei Kogyo) according to the method of Robles and van den Berg (13) . The starting material for synthesis of the substrate, hen egg-yolk lecithin, was obtained from QP, and purified according to the reported method (14) . A methanolic solution of 1 M tetran-butylammonium hydroxide was from Aldrich. The product was purified on a column of Silicagel 60 (Merck, mesh 230-400) with a mixture of chloroform, methanol, and water [65 : 25 : 2 (v/v)] and then on a column of Unisil (Clarkson, 100-200 mesh) by stepwise elution with mixtures of chloroform and methanol. The final product was dried over P 2 O 6 in a desiccator and stored at -20"C. The purity was checked on a Silicagel 60 plate (Merck) using a mixture of chloroform, methanol, and water [65 : 25 :
Kinetics of the Hydrolysis of diCPC-Enzymatic hydrolysis of the substrate was followed at 25'C and ionic strength 0.2 by a pH-stat assay method using a system consisting of a Radiometer PHM 82 standard pH meter, a TTT 80 titrator, and an ABU 80 autoburette, as described previously (6) . Substrate solution (1.0 ml) containing a given concentration of CaCl 2 (Merck) was transferred to a cell, and the pH of the solution was adjusted to a desired value by adding a small volume of 30 mM NaOH solution. To this solution, 5-25 ^1 of the enzyme stock solution was added and the released n-enanthic acid was titrated with 30 mM NaOH under a nitrogen stream so as to keep the pH at the initial value. The concentration of 30 mM NaOH used for titrating the released fatty acid was corrected by titration of a standard solution of sulfamic acid (Nacalai Tesque). At pH values below 6.5, the observed titration volumes were apparent values, since the carboxyl group of the released fatty acids would not have been dissociated completely. The data were therefore corrected using the degree of dissociation of the fatty acid, a [ = 1/(1 + 10 p *~p H ) j qTjjg p^-v a ] u e o f Ti-enanthic acid was determined to be 4.85 by acid-base titration in the presence of 3 mM diC 7 PC and 10 mM Ca 2+ at 25'C and ionic strength 0.2. Figure 1A shows the initial velocity, v, of the enzymatic hydrolysis of diC 7 PC, plotted as a function of molar concentration of the substrate, Q, at 25*C, pH 7.5, and ionic strength 0.2 in the presence of 20 mM Ca 2+ , which can saturate more than 95% of the enzyme. The figure also shows the corresponding data for diCjPC (9) .
RESULTS

Hydrolysis of diC,PC Catalyzed by Bovine PLA 2 -
The v values at substrate concentrations above the critical micelle concentration (cmc)[ = 1.58mM (6)] were much higher than those below the cmc. Similar observations have been reported for other PLA 2 s such as the porcine pancreatic (15) , N. naja atra (3) , A. halys blomhoffii (4) , and T. flavoviridis (5) enzymes. Mlpp were thus determined by using a nonlinear regression analysis to be 5.13± 0.20x10"'M and 20.0±0.3^mol/min/mg, respectively. Each error is expressed as the standard error. Using the molecular weight of the enzyme, 13,795, the catalytic center activity (turnover number), Ajg>°t n * app , was calculated to be 2.76 ± 0.04 X10 2 min"'. The velocity data at substrate concentrations above the cmc were also analyzed by using the equation (16): Figure 1C shows the plot of the kinetic data above the obs were determined to be 1.48±0.16xl(r 3 M and 179.8 ± 9.7/*mol/min/mg, respectively. Using the determined values of iC£ orl>app = 5.13xl0-3 M and ttm C = 5.56 //mol/min/mg, the values of #£'«""' and VSlS app were then calculated to be 1.12±0.13xl0" 3 M and 185.4±9.7 //mol/min/mg, respectively. From the molecular weight, 13,795, the catalytic center activity for the micellar substrate, ifeg,' t MPP , was calculated to be 2.6±O.lXlO 3 min" 1 . The solid curve in Fig. IA is the most probable theoretical one drawn using the determined parameters.
Effect of Ca 2+ on the Enzymatic Hydrolysis of Micellar diCrPC- Figure 2 shows the Lineweaver-Burk plots of the data for the hydrolysis of micellar diC 7 PC by bovine PLA 2 at 25'C, pH 7.5, and ionic strength 0.2 in the presence of various concentrations of Ca 2+ . The / value was less than one and was unchanged by Ca 2+ concentration since the value of XS OIW1PP was independent of Ca 3+ concentration (9) , and the Vane value was much smaller than the VSlS app value, as shown before (Fig. 1) . We could therefore assume As the Ca 2+ concentration increased, the VSIS°P P value also increased, whereas the if£' capp value remained unchanged. The same observations were reported previously for the hydrolysis of monodispersed diC 6 PC by the same enzyme (9) . A putative interaction scheme for the hydrolysis can be expressed as therefore based on Eq. 2. Figure 4 shows the pH dependence of the logarithm of 1/iCn for the enzymatic hydrolysis of micellar diC 7 PC, log(l/K% [c ) , catalyzed by bovine PLA 2 at 25"C and ionic strength 0.2 in the presence of saturating amounts of Ca 2+ . This figure also contains similar data for monodispersed diC.PC, log(l/.KT n ) (9). The 1/KT" value was independent of pH. This indicates no participation of the ionizable groups at the active site in binding of monodispersed substrate. On the other hand, the pH dependence curve for micellar substrate showed two transitions, one between pH 4 and 7 and the other between pH 8 and 12, suggesting the participation of two ionizable groups. Figure 5 shows the pH dependence of the logarithm of kat. The figure also shows the *£?" data for diCjPC (9) . The two curves were very similar in shape to each other and had three transitions: below pH 6, between pH 8 and 9.5, and above pH 9.5. However, all the transitions for the micellar substrate were significantly shifted to the alkaline side as compared with those for the monodispersed substrate. The two large transitions, one below pH 6 and the other above pH 9.5, which seem to have slopes of + 1 and -1, respectively, are not due to protein denaturation, as judged from the pH dependence of the far ultra-violet CD spectrum below 250 run (9) . These results indicate that the deprotonated and protonated states of corresponding ionizable groups are critical for catalysis. Both of the pHdependence curves also showed the minor participation of an additional ionizable group with a pK value around 8.5, indicating that the ionization state of this group also influences the catalysis.
Previously, we analyzed the pH dependence data for monodispersed substrate and determined the pif values of the three participating ionizable groups, p.KT M = 5.0, pK EM = 8A, and pK EM = 9.5 (9) . The respective ionizable groups were tentatively assigned as the catalytic group His 48, N-terminal <z-NH 2 group, and Tyr 52, which is located in close proximity to His 48. Therefore, the three corresponding transitions for the micellar substrate are due to the deprotonation of these ionizable groups.
Two transitions in the pH-dependence data of the logarithm of 1/KS' C shown for the micellar substrate (Fig. 4 ) are therefore thought to correspond to the pK shifts of His 48 and Tyr 52, respectively. No significant perturbation of the <2-NH 2 group is thought to occur. The data were analyzed on the basis of the interaction scheme shown in 
Kf»-Kf»
where Kf M and K EM are the macroscopic dissociation constants of protons from the two ionizable groups of enzyme-Ca 2+ complex, and Kf** 1 and Kf*" are the corresponding constants for the enzyme-Ca 2+ -substrate complex. 1/J5g lc is the limiting value of l/KS* when the two ionizable groups in question are completely deprotonated.
The solid curve for the micellar substrate is the most probable theoretical one, drawn according to Eq. 5 using the determined parameters of pKf t =5.00 and p^™=9.50 of enzyme-Ca 2+ -substrate complex. The first, second, and third numerals in parentheses represent the ionization states of the three ionizable groups: 1 and 0 indicate their protonated and deprotonated forms, respectively. Among these molecular complexes, only two species having deprotonated His 48 and protonated Tyr 52, EMS«(O,1,1) and EMSjv(O,O,l), were assumed to produce the product with rate constants of kau and feat,2, respectively.
The logarithm of k^f observed at a given pH value may thus be expressed by r+- [H+] + 1 , (6) where Kf* was also the case for the binding of monodispersed diC 6 PC (9). Similar observations have also been reported for other Group I enzymes from porcine pancreas (25, 26) and N. naja atra venom (6, 7) . In these cases, there might be no significant direct interaction between the bound Ca 2+ ion and the substrate molecule.
On the other hand, the Ca 2+ binding to Group II enzymes from A. halys blomhoffu and T. flavoviridis venoms enhanced the binding constants of both monodispersed and micellar substrates by a factor of more than 10, indicating that the substrate binding enhanced the binding constant of Ca 2+ by the same factor (6, 7) . This suggests the presence of direct interaction between the bound Ca 2+ ion and the substrate molecule. Similar observations have also been noted for the PLA 2 from Crotalus adamanteus venom (27) .
According to the catalytic mechanism proposed by Verheij et al. (28) , an intermediate complex should be stabilized by coordination of the bound Ca 2+ ion with the phosphoryl group and the carbonyl group at the sn-2 position of the bound substrate molecule. Our results seem compatible with this hypothesis for Group II PLA 2 s, but not for Group I PLA 2 s.
Recently, Thunnissen et al. performed an X-ray crystallographic study on a complex of a porcine PLA 2 mutant with a substrate analog, (lJ)-2-dodecanoyl-amino-l-hexanolphosphoglycol in which an acylaminolinkage had been introduced instead of an ester bond at the sn-2 position (29). More recently, Dekker et al. studied the interaction of this analog with porcine PLA 2 in solution by the NMR method (30) . The results suggested the presence of direct interaction of the bound Ca 2+ ion with the phosphoryl group and the carbonyl group of the amide bond at the sn-2 position of the analog molecule bound to Group I enzyme.
The difference in the Ca 2+ dependence of the bindings of true substrates between Group I and II PLA 2 s could therefore be interpreted in terms of the existence of two kinds of enzyme-substrate complexes: formation of one complex is Ca 2+ -independent (Complex I) and that of the other complex is dependent on Ca 2+ (Complex II). The former complex might be nonproductive and the latter productive. Complex II may involve such direct interactions between the bound Ca 2+ ion and the substrate molecule, as suggested above for the enzyme-substrate analog complex. Complexes I and II might thus be predominant in the Michaelis complexes of Groups I and II PLA 2 s, respectively.
Difference between Group I and II Enzymes in Participation of the a-Amino Group in Catalysis-As can be seen from Figs. 4 and 6, the pK values for both His 48 (pK 5.0) and Tyr 52 {pK 9.5) of the enzyme-Ca 2+ complex shifted significantly to. the alkaline side upon binding of the .micellar substrate, whereas no such phenomenon was "observed upon binding of the monodispersed substrate (9) . The same result has been shown qualitatively for porcine PLA 2 (25) . Similar observations have also been reported for another Group IPLA 2 from the venom of N. naja atra (7) and also for Group II PLA z s from the venoms of A. halys blomhofiii (8) and T. flavoviridis (7) .
The pK shifts of His 48 and Tyr 52 upon binding of micellar substrates are therefore a property common to both types of enzyme and are thought to be very important for elucidating the catalytic mechanism of PLA 2 .
As can be seen from Fig. 5 , the catalytic group His 48 (pK 5.45), the N-terminal «-amino group (pK8.4), and Tyr 52 (pK 10.25) of the enzyme-Ca 2+ -substrate complex participate in catalysis. Deprotonation of His 48 and protonation of Tyr 52 are critical for the catalysis. Importance of the ionization state of the a-smino group is also indicated. This was also the case for the monodispersed substrate (9) . Similar observations have also been made for another Group I PLA 2 from N. naja atra venom (7). On the other hand, Group II PLA 2 s such as the enzymes from A. halys blomhoffli (8) and T. flavoviridis venoms (7) showed no significant participation of the <*-amino group. This difference was compatible with the X-ray crystallographic finding that the a-amino group of bovine PLA 2 (Group I) was incorporated via one water molecule into the hydrogen bonding network of the active site (24) , whereas this was not the case for Crotahts atrox PLA 2 (Group II) {31).
In our previous studies on snake venom enzymes, the mixed micelle of a long-chain phosphoglyceride, 1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine (diCiePC) with Triton X-100 was used as a micellar substrate. In that case, the effects of Triton X-100 on the kinetic results were thought to be important in discussing the differences in the catalytic mechanisms for monodispersed and micellar substrates. In the present study, we therefore used a simple micelle of l,2-diheptanoyl-sn-glycero-3-phosphorylchoUne (diC 7 PC) as a substrate to study the Ca 2+ and pH dependence of the kinetic parameters for hydrolysis of micellar substrate. 'The same result as for another Group I PLA 2 from the venom of N. naja atra was obtained for the bovine enzyme. This result indicated that no fundamental effect of Triton X-100 on the kinetic properties needs to be assumed.
Generally, mammalian pancreatic PLA 2 s have lower km value and higher Km value than those of snake venom enzymes. In spite of the difference in the enzymatic activity between pancreatic and snake venom enzymes, bovine pancreatic PLA 2 was found to show similar kinetic properties to those of snake venom Group I PLA 2 . It is very interesting that the kinetic properties have been conserved during the evolution of Group I PLA 2 s. There might be some important implications of the difference of kinetic properties between Group I and II enzymes.
